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1.0 INTRODUCTION

The one-millipound pulsed plasma thruster (PPT) has been developed as
a viable alternative to hydrazine thrusters for large satellite station
keeping and drag make up functions. Figure 1 illustrates schematically
the basic components of the pulsed plasma thruster discharge chamber.
As indicated, the ignitor plug semiconductor element arcs over upon the ﬁ
application of a fast rise time voltage pulse from the plug trigger
circuit to the coaxial plug anode and cathode electrodes. The plasma ‘
puff produced from this semiconductor arc breakdown initiates, in turn, 3
an intense plasma discharge between the thruster cathode and anode %
electrodes. This plasma discharge is sustained by the depolymerization
and ionization of teflon fuel bars (not shown in Fig. 1) until the
energy stored in the thrusters capacitor bank has been consumed.
Electromagnetic body forces within the discharging arc accelerate the
dense teflon plasma along the rail type cathode and anode electrodes.
The accelerated plasma pulse is ejected from the thruster with exhaust
velocities which can be as high as 50,000 m/sec. Typically, the PPT arc

discharge pulse length is approximately 30usecs. Increasing the total

energy per thruster pulse and/or the pulse repetition rate results in a

corresponding increase in the time averaged thrust. Presently, the one-

millipound PPT has an efficiency (less power processor) of 35%, a speci-

fic impulse of 2000 sec. and a nominal equivalent steady state thrust of %
4.45 mN (1.0 mib) at a pulse repetition rate of 0.2Hz. The desired

thruster lifetime is 1.4 x 107 pulses with a total impulse of 312,000 N-

sec (70,000 1b-sec). At present, the demonstrated thruster lifetime is

only 2 x 10° pulses. The PPT ignitor plug has been identified as a
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Figure 1. One-millipound pulsed plasma thruster discharge
chamber component locations.
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major life limiting thruster component.!

Although ignitor plugs have been used successfully in several flight 4
qualified and flight tested micropound pulsed plasma thrusters, their -
use in the one-millipound pulsed plasma thruster has not met with the
same degree of success. Early tests at the Fairchild Republic Corpor-

ation (FRC) showed that the ignitor plug cathode underwent severe

3 erosion when the plug was press fitted into the thruster cathode with

the plug cathode and thruster cathode electrically connected directly,
as in the case of micropound thruster designs. An apparent remedy for
this problem was to isolate the ignitor plug from the main cathode by a

0.76 mm vacuum gap and use a 1.0 ohm resistor to electrically connect

the plug cathode and thruster cathode. However, this approach resulted

in large amounts of carbonaceous deposits accumulating on the plug face.

e i i

g Eventually these carbonaceous deposits would become sufficiently thick

and conducting to effectively short circuit the ignitor plug semicon-

ductor element and prevent plug firing with the subsequent cessation of %
thruster operation. To overcome this deposition problem, a different

trigger circuit design was implemented. This new trigger circuit

produced a Tow voltage, high current pul<e which continued to fire the

plug reliably with iarge deposits accumulated on the plug face. Using

this redesigned trigger circuit, Palumbo and Begun were able to continue Z
a thruster life test until approximately 2 x 10° thruster pulses were

obtained on a one-millipound pulsed plasma thruster before voluntary

shutdown .?

The results of the Fairchild Republic Corporation one-millipound PPT




life tests 11lustrated the sensitivity of the 1ink between ignitor plug
erosion, deposition and thruster lifetime. In order to better under-
stand ignitor plug erosion and the arc initiation processes in a one-

; millipound pulsed plasma thruster, a study was initiated at the Jet

Propulsion Laboratory (JPL) to examine these phemonena. The pulsed

4 plasma thruster ignition system study at JPL was conducted under the

sponsorship of the Air Force Rocket Propulsion Laboratory (AFRPL). The
specific objectives of this study were (i) to determine the coupling

N required between the one-millipound PPT ignitor plug cathode and the

main discharge cathode to give the best thruster system 1ife time and;
; (i1) to develop a basic understanding of the PPT ignition process in

order to provide guidelines for ignition subsystem improvements.

The JPL ignition system study was divided into five tasks:
(i) Arc Cleaning Experiments - Included here were assembly of a vacuum
system and instrumentation test installation sufficient for one-milli-

pound PPT operation, development of a baseline ignitor plug erosion/de-

— a—

position monitoring techrique, and the determination of ignitor plug
} erosion/deposition behavior for different ignitor plug resistive coupling
elements to the main thruster cathode electrode.
! (i11) Optimum Coupling Determination - This task involved the parametric
i ’ investigation of the effect on ignitor plug erosion/deposition caused by
F : . non-resistive coupling elements, the effect of ignitor plug trigger
| | pulse characteristics on plug erosion and operation, 2ud the determin-
ation of the erosion mechanisms occurring on the ignitor plug face.

(111) Ignitor System Analysis - This effort was directed towards deter-

mining the ignitor plug discharge energy, the plug discharge shot-to-

| shot repeatability, the physical extent and velocity of the ignitor plug




plasma plume and conducting a preliminary spectroscopic study of the
ignitor plug and pulsed plasma thruster arc discharge.

(iv) Ignition System and Discharge Chamber Interaction Analysis - This
task dealt with the implementation of appropriate diagnostic techniques
on the PPT discharge chamber, ignitor plug and coupling element to
ascertain the interactions occurring between these thruster components
and the effect of these interactions on overall thruster performance.
(v) Extended Life Test - An extendea thruster/plug life test was

performed to verify the results and predictions of the preceeding tasks.

Some of the results of the JPL ignition system study have already
been reported in the open literature.3s* It is the purpose of this
final report to present a detailed account of the work performed during
the entire program period. This report is divided into sections dealing

with each of the aforementioned tasks.
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2.0 ARC CLEANING EXPERIMENTS

Following preliminary indications of different ignitor plug operation
with a one and a nine ohm coupling resistor?, the hypothesis was formu-
lated that the carbonaceous deposit accumulation on the ignitor plug
face might be affected by the magnitude of the coupling resistance. The
objective of the arc cleaning experiment was to vary ignitor plug
coupling resistance over a wide range and determine that coupling re-
sistance value, if any, which minimized the accumulation of carbonaceous

deposit on the ignitor plug face.

2.1 Apparatus and Procedure

Thruster:

A one-millipound pulsed plasma thruster was supplied by the Air Force
Rocket Propulsion Laboratory for the duration of the test program. The
particular thruster provided was a laboratory model developed by the
Fairchild Republic Corporation for a variety of test programs and has
been described in detail elsewhere.> For the ignition study, the
thruster was reconfigured as much as was practically possible in a
manner similar to the one-millipound thruster currentl; under devel-
opment at the Fairchild Republic Corporation. The thruster wes fit-
ted with long discharge electrodes developed by FRC.6 Also, the ignitor
plug was flush mounted in the thruster discharge chamber cathode elec-
trode with a 0.76 mm vacuum gap separating the plug cathode and discharge
cathode in accordance with recent FRC test results.2 The ignitor plug

trigger circuit developed by FRC2, utilizing a 1%:1 step down 4CO volt

11
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output high current impulse transformer, was also used on the thruster.
Normal thruster operation was at a pulse repetition rate of 0.2Hz and a
thruster capacitor voltage of 2.4 kV. The total capacitance of the
thrusters four capacitors was 260uF resulting in a stored energy per

thruster pulse of 750 joule.

Ignitor Plug Housing:

Since frequent ignitor plug removal and reinstallation in the
thruster cathode electrode was anticipated throughout the test program,
an ignitor plug holder was fabricated to permit easy plug access. This
holder was constructed from Mykroy and Phenolic insulating material and
by releasing one screw would disassemble for plug removal. Figure 2
compares this plug holder with the plug housing in use on one-millipound
pulsed plasma thrusters prior to the flush mounted plug configuration.
It should be mentioned that the trigger circuit leads in Fig. 2 were
soldered to the ignitor plug cathode and anode electrodes. It was felt
that only by soldering these leads could good electrical continuity be

assured.

Vacuum Facility and Power Supplies:

A1l thruster testing was done in a 1.8 x 3.0 m vacuum chamber pumped
by a single 0.5 m oil diffusion pump. Average background tank pressure,
between firings, was 2 x 107 Torr during normal thruster operation.

This vacuum tank had a LN, cooled Tiner to reduce plume scattering and

to serve a cryopumping function. In addition, the thruster was posi-

12
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Comparison of old type potted plug housing (right) and
detachable plug housing (left).
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tioned immediately above a large LN2 cooled plate to facilitate thruster
temperature control. The PPT capacitor charging supply was a Universal
Voltronics Corporation voltage regulated 2.5kV, 3 amp unit which charged

the thruster capacitors through a 5K ohm, 1000 watt resistor with a 1.3

sec charging time constant. Stable thruster operating temperatures were
maintained by a resistance heating network dispersed around the inside

of the thruster body enclosure. Normal thruster operating temperatures

varied from about 16-200C near the ignitor plug housing to about 28-320C

on the energy storage capacitors. Thruster temperatures were monitored
i at a total of six locations throughout the thruster and were sampled and
recorded on a periodic basis by a multichannel temperature recorder.
{ Standard laboratory power supplies provided power for the thruster
ignition circuit while a counter box which produced a preshaped trigger
signal was built to trigger the ignition circuit and record the trig-
gering events. This counter box also recorded each thruster pulse by
using the signal from the discharge current Rogowski coil shown in Fig.

1.

The vacuum tank and associated pulsed plasma thruster power supplies
were capable of maintaining normal thruster operation, barring any
unforeseen facility breakdowns, in an unattended mode. Figure 3 shows
the vacuum facility, power supplies and test equipment used during the
ii PPT ignition study. Figure 4 shows the location of the thruster in the
ﬁ, vacuum tank which was such that the exhaust plume was ejected in the
vertical direction. This orientation was selected to permit spectro-
scopic examination of the thruster arc discharge. The results of these

tests are presented in a later section of this report.

14
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Figure 3,

Vacuum facility and power supplies.
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Figure 4.

Thruster location in vacuum tank; top cover and
ignitor plug have been removed.
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Thruster Start Up Procedure:

At the start of each test sequence a standard vacuum facility pump

down and thruster start up procedure was followed. After initial rough
E down, the diffusion pump was turned on and pump down continued until the
tank pressure was in the middle to low 10 Torr range. At this point,

LN2 cooling of the tank shroud and thruster mounting plate was initi-

ated. Tank cool down was fairly rapid so that cryo-pumping by the tank
! . shroud began to take effect after about an hour. The vacuum system was
E i then allowed to pump for an additional twenty four hour period Lefore
: i thruster start up was attempted. At this time, the tank pressure in the
i vicinity of the thruster was usually about 5 x 10-6 Torr. Thruster k
start up was initiated at a pulse repetition rate of 0.05Hz, which was V
the slowest rate of the trigger circuit pulse supply. Due to the large
| vacuum tank pressure pulses observed during thruster start up, initial
operation at 0.2Hz almost always produced thruster prefiring. This was

; presumably due to a Paschen breakdown occurring across the thruster
electrodes during the thruster capacitor bank charge up period. It was ]

usually necessary to gradually increase the thruster pulse repetition

rate from 0.05Hz to 0.2Hz over a twenty four hour period. During normal
thruster operation the cold cathode vacuum guage indicated tank pressure

. fluctuations from 7 x 10°6 Torr tz 2 x 107 Torr.

Thruster Diagnostics:

Rogowski current pick up coils were chosen as the basic diagnostic

element to measure thruster operating characteristics. Three separate

17




Rogowski coils were installed at variocus locations on the pulsed plasma
thruster. One coil was located around the center terminal of one of the

four energy storage capacitors to record the time evolution of the

discharge current pulse. Another coil was located around the coupling
element between the ignitor plug cathode and the discharge chamber
s cathode and recorded the current exchanged between these two cathodes

throughout the thruster discharge. The third coil was placed around the

lead going to the ignitor plug cathode from the plug trigger circuit and
permitted determination of the current actually required to fire the

|
| plug from pulse to pulse. Figure 5 shows the locations of these coils.
!

Both the coupling element and trigger current Rogowski coils were

made from 30 guage multi-strand Kapton covered wire tightly wound around

coil forms made from two fibrous washers cemented together., The Rogow-
| ski coils were calibrated using a capacitor discharge circuit and a
0.00255 ohm series coaxial current shunt. The discharge capacitor
Rogowski coil was supplied with the thruster. During calibration of all
the Rogowski coils, a 100usec integrator time constant was selected as

being most compatible with the 30usec discharge current pulse length of

the thruster. Table I compares the calibrated response of the Rogowski

coils.

Table I  PPT Rogowski Coil Sensitivities with a 100usec Passive Integrator

Coil Type Coil Sensitivity, Amp/volt
3 Main Discharge 25000 + 3084 |
Coupling Current 2849 + 365
‘; Trigger Current 2555 + 327
&
18

i
|
. c— — — = T e [ ——— . B
L - . d
R —— - ’ = e 4 ;. E: o 2 . S P . O ST S F P POV TR AT DIN T ALY CYLOWe o




it e e

IGNITOR PLUG
TRIGGER PULSE

E )

L TRIGGER CURRENT

b COUPLING ROGOWSKI COIL

, CURRENT

f ROGOWSKI ol

r COIL COUPLING

ELEMENT
' S DISCHARGE

CAPACITOR BANK
260 uF, 2.4 KV

&/////////, THRUSTER CATHO DE W

DISCHARGE
CURRENT ROGOWSKI COIL e —

D

VR W et T RO (B

THRUSTER ANODE %

Figure 5, Thruster Rogowski current pickup coil placement.
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It should be noted that the tabulated coupling and trigger current

Rogowski coil sensitivities differ from sensitivity values reported for

these coils during the performance of this work,

An error in the analy-

sis of the calibration data for these coils was noted towards the end of
the study period. Subsequent to this discovery, these Rogowski coils
were recalibrated with the correct coil sensitivities appearing in the

above table.

Plug Resistance Measurement Technique:

Several methods were investigated for their effectiveness in moni-
toring ignitor plug erosion and deposition. These methods ranged from
simply weighing the plug before and after each test, to applying highly
reflecting gold coatings on the tested plug's face and determining
material removal or deposition by Ronchi diffraction methods. For
reasons of complexity, cost, or practicability, most of these methods
were rejected. The measurement technique finally selected was that of
monitoring the resistance of the ignitor plug semiconductor element
during each thruster test sequence. This particular approach permitted

an accurate qualitative indication of the amount of carbonaceous deposit

on the plug face. CSince the deposit overlays the ignitor plug semi-

conducting element tending to short it out, the ignitor plug resistance

(measured during those times when the plug is not firing) tends to

decrease with an increasing deposit accumulation. Consequently, by

monitoring the ignitor plug resistance variation with thruster pulse

number, one can tell fairly precisely whether the plug is operating

clean or dirty. The merit of this technique, which has been used

successfully at the Fairchild Republic Corporation?, is that plug

20




resistance can be measured external to the vacuum system. In order to
determine ignitor plug erosion, a scanning electron microscope was used
to examine the ignitor plug face after it was removed from the thruster
at the end of each test. Fortunately, the face of an ignitor plug
including the carbonaceous deposit was sufficiently electrically con-
ducting so that the application of a thin gold film was not necessary
when using the scanning electron microscope. As a result, the same

ignitor plug could be used for several different tests.

Thirteen ignitor plugs (ten new and three used) were received from
the Fairchiid Republic Corporation. Upon receipt, serial numbers were
inscribed upon the plug bodies to insure that no mix-ups between plugs
would occur. Initially, plug resistance was measured using a Simpson
VOM and a General Radio Bridge. It was noted that plug resistance
varied markedly from plug to plug and from instrument to instrument. To
eliminate this ambiguity, it was decided to adopt a standard plug resis-
tance measurement test circuit utilizing a constant current source.
Figure 6 details the main features of this circuit. Briefly, the Fluke
calibrator provided a constant current of 0.1 mA with an applied bias of
0 to 50 volts (equivalent to O to 500,000 ohms). The Dana DVM permitted
tenths of ohms resolution when measuring tens of ohms plug resistance.
The tester was a two-wire system, so the resistance of the connecting
leads was included in the measured resistance value. The added test
lead resistance was a few tenths of an ohm, and was not considered to be

significant.

The selection of 0.1 mA as the constant current in the aforementioned
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Figure 6. Constant current ignitor plug resistance tester.
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resistance measuring circuit was made on the basis of thermal consid-

erations. Initial tests indicated that the plug resistance was tempera-

i ture sensitive. It was found that larger values of applied current
could heat the plug semi-conductor material sufficiently to cause

drifting resistance readings. Calculations showed that because the plug

semi-conductor layer was so thin (~0.5 mm) even applied currents as low

as 1.0 mA could result in a significant heat load.

2.2 Coupling Resistance Tests

From observations and conclusions made at the Fairchild Republic
Corporation? it was apparent that there must be an optimum amount of
carbonaceous deposit required on the ignitor plug face for reliable plug
operation. It was hypothesized that too much deposit acted as a low
impedance in parallel with the plug semi-conductor element, tending to
short out the plug and resulting in unreliable plug firing. Conversely,
i too little deposit meant that the plug microplasma was composed pri-

F marily of ablated semiconductor and plug cathode and anode electrode

material, leading to excessive plug wear. Preliminary experiments at

FRC2 suggested that the amount of plug deposition might be affected by

ks i Gl e

the value of the resistor used to electrically couple the plug cathode

. and discharge cathode electroae. A series of experiments were conducted

at JPL to further investigate this relationship. The results of these

experiments are discussed below.

Ignitor Plug S/N9:

For these tests, coupling resistor values of 0.050%, 0.010Q and
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0.001u were used, in turn, to electrically couple the ignitor plug
k : cathode and thruster cathode. Figure 7 shows the coupling resistor
placement, in relation to the ignitor plug housing and coupling current

Rogowski coil, all of which are shown positioned above the PPT discharge

chamber.

Figure 8 compares the effect of various coupling resistor values,

as a function of thruster pulse number on the resistance history of

ignitor plug S/N9. Plug resistance measurements were taken at selected
times during the test period. The thruster was turned off and the plug
i was not firing during the time the plug resistance was measured. The
results shown in Fig. 8 indicate that varying coupling resistance from
0.050 ohms to a near zero value had a detrimental effect on plug opera-
tion. Thruster misfiring became evident when the plug resistance
reached about 1.4 ohms. Shortly thereafter, the PPT ceased operating

! and the tests were terminated.

Altough only approximately 250,000 thruster pulses were obtained with

S e i e

plug S/N9, the plug face was very heavily coated with a carbonaceous

deposit. Evidence of the accumulation of deposit on the face of plug

S/N9 is shown in Fig. 9. To obtain the scanning electron micrographs

shown in Fig. 9, ignitor plug S/N9 was removed from the thruster at the ol
end of each coupling resistance test. These photos show that the thick- :
ness and spread of the depnsit on the plug face increased in proportion

to the number of thruster pulses. Decreasing values of coupling resistance

did not serve to reverse this trend. In a similar manner, it can be

observed that mild erosion of the plug anode is occurring simultaneously

with the heavy deposit build up on the plug cathode and semiconductor.

it should be noted that a slot 0.7 mm wide with a depth of 0.5 mm was
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Figure 7. View of PPT discharge chamber showing 0.050Q
coupling resistor.
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Figure 8. Resistance variation for Ignitor plug S/N9,
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Figure 9.

Deposit accumulation on plug S/N9 with decreasing
resistance and increasing thruster pulse number.

27

coupling

e




R o e e s e e

deliberately cut into the face of plug S/N9 prior to the initiation of
these tests. This slot provided a reference mark for the scanning
electron micrographs and served as a basis by which erosion and de-

position of the plug face could be determined.

As the coupling resistance between the plug cathode and discharge
cathode was decreased during testing of plug S/N9, the coupling resistor
current increased. Peak coupling current values of approximately 1250-
2500 ampees were observed for a 0.050 ohm coupling resistance. These
peak values increased to approximately 3500-4400 amperes with a shorting
wire in place of the coupling resistor. The fact that such large cur-
rents were attaching themselves to the ignitor plug and significant
deposition still occurred, suggested that it was not feasible to burn
off the carbonaceous deposit by intensifying discharge chamber arc
attachment to the plug. Rather, just the reverse seemed to happen and
it appeared that arc attachment to the plug face was the medium, or
mechanism, by which ablated teflon products were transferred to the plug

face.

Ignitor Plug S/N2:

At this point in the program, it was decided to investigate a 10.0q
coupling resistor to determine its effect on ignitor plug resistance and
consequently its effect on the carbonaceous deposit accumulation. With
a 10.0u coupling resistor peak coupling currents were approximately
220 ampere. Figure 10 shows the result of a 150,000 pulse test with
ignitor plug S/N2. This test was voluntarily terminated at this time

because comparison with the previcus tests of plug S/N9 showed a simi-
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lar decreasing resistance trend with increasing thruster pulse number.
Removal and inspection of plug S/N2 at the end of the test period showed
that its face was only slightly less encrusted with deposit than that of

plug S/N9 after a similar number of pulses.

2.3 Summary

The results of the arc cleaning experiments indicated that over the
four decade range of coupling resistance values tested (0.001Q to 10.09)
the carbonaceous deposit build up on the ignitor plug face could not be
controlled. Moreover, these test results indicated that intensifying
arc attachment to the plug face by decreasing coupling resistance to
very low values (while still maintaining the vacuum gap between the
ignitor plug and surrounding thruster cathode electrode) did not serve
to burn off the accumulated deposit. Instead, this arc appeared to play
a role in carrying the carbonaceous precducts to the ignitor plug face.
However, the higher 10.02 coupling resistance tests, where coupling
current or arc attachment to the plug face was significantly less, also
produced an unacceptably heavy deposit build up on the plug face. This
latter result implied that the Targe initial rapidly rising coupling
current spike, characteristic of a resistive coupling element, might
also bear some relationship to the deposit accumulation process on the

plug face.
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3.0 OPTIMUM COUPLING DETERMINATION

From the results presented in the previous section, it was apparent
that the magnitude and perhaps the shape of the coupling current pulse
exchanged between the plug cathode and thruster cathode, as a result of
discharge chamber arc attachment to the plug face, bore some relation-
ship to the accumulated plug deposit. It was the objective of the
optimum coupling determination task to investigate coupling elements
other than resistors to determine their effect on ignitor plug depo-
sition and erosion. Concurrent with this study was an investigation of
trigger current pulse shapes to determine the effect that this parameter

had on plug deposition.

3.1 Coupling Inductance Tests

Effect on Coupling Current:

Following the results of the arc cleaning experiments, it was reasoned
that the requirement for minimal plug deposition might be to electri-
cally isolate the ignitor plug as much as possible from interactions
with the thruster discharge chamber arc. One method of obtaining this
isolation is to use an inductor, with a charging time constant relatively
long with respect to the thruster discharge current pulse, in place of
the conventional resistance coupling element. Tests were performed with
an inductor fabricated on an air core plastic former using #20 AWG
stranded copper wire. The inductance of this coil was 142uH with an
ohmic resistance of approximately 0.5 ohms. Figure 11 illustrates the
variation in the coupling current trace when 0.001a and 10.09 coupling

resistors and the 142uH coupling inductor were used as coupling ele-
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Figure 11, Effect of coupling element on coupling current. j
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ments. It is noteworthy that a four decade change in coupling resis-
tance produced about an order of magnitude change in peak coupling
current. From Fig. 11 it is evident that the coupling inductor with its
relatively long charging time constant (284usec), has effectively damped

the coupling current pulse.

Plug S/N1 Tests:

After it became evident that an inductor was capable of keeping the
coupling current to low levels and of completely eliminating the large
initial current spike to the plug face from the thruster arc, a short
1ife test of 120,000 pulses was initiated. For this test, the 142uH
inductor was used as the coupling element and ignitor plug S/N1 was the
plug installed in the thruster. Figure 12 shows the results of this
1ife test. For comparison purposes, the resistance variation of plugs
S/N9 and S/N2, which used 0.050Q and 10.00 coupling resistors respec-
tively, have been shown also. Figure 12 shows the beneficial effect
inductive coupling had on the ignitor plug resistance variation. Using
the 142uH coupling inductor, plug resistance stayed approximately con-
stant at 120Q. Figure 13 compares scanning electron micrographs of the
face of plugs S/N 1, 2, and 9. For these photographs, plug S/N 1 had
accumulated approximately 120,000 pulses with the 142uH coupling in-
ductor, plug S/N2 had accumulated 160,000 pulses with the 10,02 coupling
resistor and plug S/N9 had accumulated 100,000 pulses with the 0.0500
coupling resistor. From Fig. 13 it is evident that the use of z
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